Wang, Xi, Emmanuelle Sentex, Harjot K. Saini, Donald Chapman, and Naranjan S. Dhalla. Upregulation of ␤-adrenergic receptors in heart failure due to volume overload. Am J Physiol Heart Circ Physiol 289: H151-H159, 2005. First published February 25, 2005 doi:10.1152/ajpheart.00066.2005.-To examine the mechanisms of changes in ␤-adrenergic signal transduction in heart failing due to volume overload, we studied the status of ␤-adrenoceptors (␤-ARs), G protein-coupled receptor kinase (GRK), and ␤-arrestin in heart failure due to aortocaval shunt (AVS). Heart failure in rats was induced by creating AVS for 16 wk, and ␤-AR binding, GRK activity, as well as their protein content, and mRNA levels were determined in both left and right ventricles. The density and protein content for ␤1-ARs, unlike those for ␤2-ARs, were increased in the failing hearts. Furthermore, protein contents for GRK isoforms and ␤-arrestin-1 were decreased in membranous fractions and increased in cytosolic fractions from the failing hearts. On the other hand, steady-state mRNA levels for ␤1-ARs and GRK2, as well as protein content for G ␤␥-subunits, did not change in the failing heart. Basal cardiac function was depressed; however, both in vivo and ex vivo positive inotropic responses of the failing hearts to isoproterenol were augmented. Treatment of AVS animals with imidapril (1 mg⅐kg Ϫ1 ⅐day
) retarded the progression of heart failure; partially prevented changes in ␤1-ARs, GRKs, and ␤-arrestin-1 in the failing myocardium; and attenuated the increase in positive inotropic effect of isoproterenol. These results indicate that upregulation of ␤ 1-ARs is associated with subcellular redistribution of GRKs and ␤-arrestin-1 in the failing heart due to volume overload. Furthermore, attenuation of alterations in ␤-adrenergic system by imidapril or losartan may be due to blockade of the renin-angiotensin system in the AVS model of heart failure.
␤-adrenoceptors; congestive heart failure; G protein-coupled receptor kinase; renin-angiotensin system blockade ␤-ADRENOCEPTOR (␤-AR)-coupled signal transduction in the heart mediates the positive inotropic and lusitropic effects of catecholamines (5) . This system is composed of ␤-ARs, guanine nucleotide binding proteins (G proteins), and adenylyl cyclase (AC). Binding of catecholamines with ␤-ARs activates G s proteins, stimulates AC, increases the intracellular concentration of Ca 2ϩ , and thus augments cardiac contractility (12) . Furthermore, G protein-coupled receptor kinases (GRKs), a family of serine/threonine kinases, regulate the ␤-AR signal transduction through phosphorylation of the agonist-occupied receptors (15, 24) . Among the seven isoforms of GRKs identified to date, GRK2 or ␤-AR kinase-1 (␤-ARK 1 ), GRK3 (␤-ARK 2 ), and GRK5 are expressed abundantly in cardiac tissue (24) . On stimulation by catecholamines in cultured adult rat cardiomyocytes, GRK2 translocates from the cytosol to the membrane, phosphorylates ␤-ARs, and uncouples G s proteins from ␤-ARs (17) . Overexpression of GRK2 in mice was observed to attenuate isoproterenol-stimulated left ventricular (LV) contractility, decreased cardiac AC activity, and reduced functional coupling of ␤-ARs (21) . On the other hand, overexpression of an inhibitor of GRK2 in mice enhanced the basal and isoproterenol-stimulated cardiac contractility (21) . Chronic ␤-AR stimulation has been shown to result in upregulation of GRK2 and downregulation of ␤-AR in rat hearts (17) , whereas chronic ␤-AR blockade results in downregulation of GRK and enhanced ␤-adrenergic signaling in porcine hearts (26) .
Data from human end-stage heart failure (3, 5, 34) and several experimental models of heart failure such as spontaneously hypertensive heart failure (1), pressure overload hypertrophy (8) , and myocardial infarction (18, 36) have indicated different degrees of changes in ␤-adrenergic signal transduction, including downregulation of ␤ 1 -AR and upregulation of GRK2. However, the information regarding the alterations in ␤-AR signal transduction in heart failure induced by volume overload is conflicting. In patients with volume overload due to left heart valvular disease and mitral regurgitation, a decrease in ␤-AR density was observed (14, 28) . Hammond et al. (16) have also shown that ␤-AR density, AC activity, and isoproterenol responsiveness were decreased in pigs 5 wk after aortocaval shunt (AVS). Isoproterenol-induced systolic shortening and peak Ca 2ϩ transients were markedly attenuated in cardiomyocytes isolated from rabbit hearts 12-15 wk after the AVS (30) . On the other hand, in rats 6 wk after the AVS, the maximal binding (B max ) and dissociation constant (K d ) characteristics of ␤-AR remained unaltered, whereas the maximal AC response to stimulation by catecholamines was markedly reduced (31) . Furthermore, an increase in ␤-AR density was observed 1-3 wk, whereas a decrease occurred 8 wk without having any effect on K d after AVS in rats (6) . Such a behavior of ␤-AR signal transduction in heart failure due to volume overload may be due to a high cardiac output state for AVS animals in contrast to the more common experimental models of heart failure associated with low cardiac output state.
Recently, Wang et al. (38) have characterized a rat model of volume overload-induced cardiac hypertrophy and heart failure due to AVS and have shown hypersensitization to ␤-AR stimulation at different times (4 -16 wk) of AVS induction. In addition, we (39) have reported that increased protein content and activity of AC, rather than any changes in G s and G i proteins, may contribute to the enhanced ␤-AR stimulation in the 16-wk failing hearts due to volume overload. The present study was undertaken to examine the hypothesis that an upregulation of ␤-ARs is associated with changes in the subcellular distribution of GRK protein contents in heart failure due to volume overload. Thus the density and protein content for ␤-AR as well as protein content and distribution of GRK isoforms were examined in failing hearts due to the AVS in rats. Given the regulatory role of ␤-arrestins and G ␤␥ proteins in the ␤-AR signal transduction (24, 36) , alterations in protein contents for ␤-arrestins and G ␤␥ -subunits were also determined in the failing hearts. The significance of changes in ␤-AR signal transduction was investigated by studying the inotropic responses of the failing heart to isoproterenol. Because angiotensin-converting enzyme (ACE) inhibitors and angiotensin II type 1 receptor (AT 1 R) antagonists have been shown to reduce cardiac hypertrophy and improve cardiac function in AVSinduced heart failure (38), we used a long-acting ACE inhibitor imidapril and an AT 1 R blocker losartan in the AVS rat model to study whether changes in ␤-AR, ␤-arrestin, and GRK activities and translocation in the failing hearts are attenuated by blockade of the renin-angiotensin system (RAS).
METHODS

Animal model and experimental groups.
The protocols for experiments were approved by the University of Manitoba Animal Care and Use Committee in accordance with guidelines by the Canadian Council on Animal Care. The AVS was produced as described earlier (38, 39) , whereas sham-operated (Sh) animals served as controls. Briefly, the abdominal aorta was isolated and ligated caudal to the renal artery and cephalic to the aortic bifurcation. The aorta was punctured with a 18-gauge needle into the inferior vena cava to create the shunt. The needle was removed, the aortic puncture site was sealed with a drop of cyanoacrylate glue, and the ligation was removed. The experimental rats were randomly divided into three groups: untreated AVS, AVS treated with losartan (AVS ϩ Los), and AVS treated with imidapril (AVS ϩ Imp). Treatments with losartan (20 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ) and imidapril (1 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ), dissolved in tap water, were started 3 days after surgery by gastric gavage; tap water served as a vehicle for both the AVS and sham groups. In some experiments, sham control animals were treated with imidapril (Sh ϩ Imp) and losartan (Sh ϩ Los). The selection of doses for drug treatments and the experimental protocol were the same as used earlier (39) . Physical examination of untreated AVS animals showed sluggishness in their movements and difficulties in breathing in addition to the clinical signs for heart failure, such as edema and pleural effusion.
In vivo and ex vivo hemodynamic assessment. The LV systolic pressure (LVSP) and LV end-diastolic pressure (LVEDP), heart rate, maximal rate of pressure development (ϩdP/dt), and maximal rate of pressure decay (ϪdP/dt) were recorded in vivo in the anesthetized animals and ex vivo in the isolated perfused hearts under controlled conditions as described previously (38) . In brief, the rats were anesthetized with an intraperitoneal injection of a mixture of ketamine (90 mg/kg) and xylazine (10 mg/kg). The right carotid artery was exposed and cannulated with a microtip pressure transducer (model PR-249, Millar Instruments, Houston, TX), which was inserted through a proximal arteriotomy. The catheter was advanced carefully through the lumen of the carotid artery until the tip of the transducer entered the LV; the catheter was secured with a silk ligature around the artery, and after 15 min, stabilization of heart function was measured. LV developed pressure (LVDP) was calculated as a difference between the LVSP and LVEDP values. In some experiments, isoproterenol was given as a bolus dose (10 g/kg) through a femoral vein for in vivo effects. To study the ex vivo effects of isoproterenol, isolated rat hearts were perfused with oxygenated Krebs-Henseleit solution at a constant flow of 10 ml/min at 37°C (38) . These hearts were paced at 300 beats/min, and the LV function was measured after 30 min of stabilization (38) . In some experiments, isoproterenol was infused at 1 M concentration, whereas in other experiments, the effects of different concentrations (0.25-2 M) of isoproterenol were studied in the isolated perfused heart preparations.
Preparation of crude membranes and determination of ␤-AR binding. Crude membranes were isolated as described previously (25) and used for the measurement of ␤-AR binding. Briefly, the ventricular tissue was minced and then homogenized in 50 mM Tris ⅐ HCl, pH 7.4 (15 ml/g tissue) with a PT-20 polytron (Brinkman Instruments, Westbury, NY) twice for 20 s each at a setting of 5. The resulting homogenate was centrifuged at 1,000 g for 10 min, and the pellet was discarded. The supernatant was centrifuged at the same speed in the same buffer. The final pellet was resuspended in 50 mM Tris ⅐ HCl, pH 7.4, containing 25 mM sucrose and 10 mM histidine, and stored at Ϫ80°C for further experiments. The purification of these membranes was determined by measuring the Na ϩ -K ϩ -ATPase (a sarcolemmal marker enzyme) activities in the presence of 1 mM ouabain and by comparing it with that detected in the heart homogenate as described previously (13) . The crude membrane yield was 11.7 Ϯ 0.5 and 12.0 Ϯ 0.4 mg/g tissue for sham and AVS with a membrane purification factor (ratio of Na ϩ -K ϩ -ATPase activity in membrane and homogenate preparations) of 3.2 Ϯ 0.2 and 3.0 Ϯ 0.3, respectively, for these groups. No significant difference in these parameters was observed in sham and AVS-treated groups.
␤-AR binding was determined in the crude membranes by using Homogenate, cytosolic, and membranous fractions and measurement of GRK activity. Cytosolic and membranous fractions were isolated as described by Benovic et al. (2) . An aliquot of tissue homogenate without centrifugation was saved as the homogenate fraction. For GRK activity assay, the fractions were further purified by using 50% (vol/vol) diethylaminoethyl Sephacel column; the eluted protein was concentrated by using microconcentrator Centricon 30 (Amicon) and employed without freezing. The GRK activity assay was based on the light-dependent phosphorylation of rhodopsin as described by Benovic et al. (2) . Rhodopsin purified from dark-adapted bovine outer-rod segments was purchased from Calbiochem-Novabiochem (La Jolla, CA). The phosphorylating activity was completely inhibited by 1 M heparin but not by a protein kinase A inhibitor.
Western blot analysis. Western blot analysis was used to determine ␤-ARs, GRKs, G␤-and G␥-subunits, as well as ␤-arrestin-1 protein contents. The protein content of each sample was determined by using the Lowry method (13) . Equal amounts of proteins (25 g) from each group were dissolved in SDS-PAGE sample buffer and denatured by boiling for 5 min. The same volume (10 l in each well) of sample was loaded for each group. The samples were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Immobilon-P, Millipore, Nepeon, Ontario, Canada), followed by immunoblotting using polyclonal antibodies to ␤1-AR and ␤-arrestin-1, as well as to GRK2, GRK3, and GRK5 isoforms (Santa Cruz Biotechnology, Santa Cruz, CA), according to protocols provided by the manufacturer. Polyclonal antibodies for G␥-and G␤-protein subunits were obtained from Calbiochem-Novabiochem (La Jolla, CA). To ensure uniform protein loading for all groups, gels were stained with Commassie blue after blotting was completed, and blots were stained with Ponceau S solution.
Northern blot analysis. Total RNA from the cardiac tissue was isolated by the method of Chomczynski and Sacchi (9) . Twenty micrograms of total RNA were electrophoresed in a 1.2% agaroseformaldehyde gel and transferred to a Nytran Plus membrane (Schleicher and Schuell, Keene, NH). The membrane was hybridized with specific cDNA probes labeled with 32 P for ␤1-AR and GRK2. Autoradiographic results were quantified by densitometry. Glyceraldehyde-3-phosphate dehydrogenase was used to normalize the loading and transfer of RNA.
Statistical analysis. All values were expressed as means Ϯ SE. The difference between the control and experimental groups were evaluated statistically by one-way ANOVA, followed by the NewmanKeuls test. Differences were considered statistically significant at a level of P Ͻ 0.05.
RESULTS
General characteristics and hemodynamic changes. As observed earlier (38) , the untreated AVS rats showed marked cardiac hypertrophy, congestion of liver and lung, pleural effusion, ascites, and edema of limbs indicating the presence of congestive heart failure. Table 1 shows the general characteristics and hemodynamic data of rats 16 wk after AVS with or without imidapril and losartan treatments. No changes in the body weights of animals were seen in both untreated and treated groups. The increased heart weight and heart-to-body weight ratio in the untreated AVS group were attenuated by both imidapril and losartan. Although the interpretation of an increase in the heart-to-body weight ratio can be problematic under certain conditions, the gain in body weight in experimental animals was not different from the sham control animals. Imidapril decreased the hypertrophic response in LV and right ventricle (RV) by 22% and 32%, and losartan attenuated it by 21% and 22%, respectively (Table 1) . These treatments also reduced the increase in lung and liver weights due to the AVS. The results in Table 1 indicate that the basal values for LVDP, ϩdP/dt and ϪdP/dt were significantly depressed, whereas LVEDP was significantly increased in the AVS group indicating both systolic and diastolic dysfunction at this stage of heart failure. However, basal heart rate in the AVS group was not different from the sham group. These alterations in the AVS group were partially prevented by treatments with imidapril and losartan. No difference with respect to general characteristics of the animals and different hemodynamic parameters was evident in the sham group with or without drug treatments (Table 1) ; therefore, no sham treatment group was included in further experiments. All these alterations in the untreated 16-wk AVS animals are similar to those reported earlier at this stage of heart failure due to volume overload in rats (38) .
Positive inotropic effect of isoproterenol. Previously, we have shown that the positive inotropic effect of isoproterenol is augmented when measured at different times (4 -16 wk) of inducing volume overload (38) . In this study we have examined the inotropic effect of a bolus dose (10 g/kg) of isoproterenol in the untreated and drug-treated 16-wk AVS animals under in vivo conditions. The results in Table 2 indicate that the basal values for LVDP, ϩdP/dt, and ϪdP/dt were significantly depressed in the AVS group and partially prevented by treatments with imidapril and losartan; however, the increases due to isoproterenol at maximal stimulation time-point over the respective basal values for all parameters (fold stimulation) were greater in the AVS group than those in the sham group. Such increases in the positive inotropic responses to isoproterenol in AVS animals were attenuated by treatments with imidapril and losartan ( Table 2) . No difference for the basal heart rate or the positive chronotropic effect was evident in the sham and AVS groups with or without drug treatments (Table 2).
To eliminate the possibility of interference by hemodynamic and neurohormonal factors under in vivo conditions, we evaluated the contractile responses to isoproterenol stimulation ex vivo by using an isolated perfused heart preparation. Whereas the basal LVDP, ϩdP/dt and ϪdP/dt were depressed in the AVS group, the fold stimulation (after infusion of 1 M isoproterenol) over the respective basal value for all these parameters indicated that the positive inotropic effect of isoproterenol was greater in the AVS group compared with that in the sham group; these changes were partially attenuated by both imidapril and losartan treatments (Table 3 ). In addition, the increased positive inotropic response of the AVS group, as monitored by measuring changes in LVDP in the isolated perfused heart, was apparent at different concentrations of isoproterenol (0.25 -2.00 M); these responses were attenuated by treatment of AVS animals with imidapril or losartan (Table 4). Changes in ␤-ARs. The data in Table 5 reveal a significant increase in B max of ␤ 1 -AR in the untreated AVS group in both the LV and RV, indicating an increase in ␤ 1 -AR density. Treatment with imidapril or losartan partially depressed this increment. The affinity (1/K d ) of ␤ 1 -AR was not altered in the experimental animals for both the LV and RV. No changes in ␤ 2 -AR were observed for K d and B max in both the LV and the RV from AVS animals with or without drug treatments. Western blot analysis for ␤ 1 -ARs and ␤ 2 -ARs showed an increase in ␤ 1 -AR protein content without any change in the ␤ 2 -AR protein content in the failing heart (Fig. 1) , except that the extent of increase in protein content is much higher than that in the receptor density for ␤ 1 -ARs (148% and 129% vs. 57% and 54% in the LV and RV, respectively). This may be due to a homogenous increase of ␤ 1 -AR, including functionally active and inactive receptors, or due to differences in the sensitivity of these two methods. The increase in ␤ 1 -AR content in AVS animals was significantly attenuated by treatments with imidapril or losartan (Fig. 1) . To gain some information regarding the molecular basis of changes in ␤ 1 -AR protein contents in the failing heart, we examined ␤ 1 -AR mRNA levels in the myocardium by using Northern blot analysis. No changes in ␤ 1 -AR mRNA levels resulted in both the LV and RV from untreated or treated groups (data not shown). However, the immunoblot data on ␤ 1 -AR is not an artifact because protein content for ␤ 2 -AR in the present study as well as G i -and G s -protein content (39) in the same experimental preparation as used in this study were not altered.
Alterations in GRKs. Neither the GRK activities (250 Ϯ 15.6 and 182 Ϯ 7.8 fmol⅐mg Ϫ1 ⅐min Ϫ1 in the LV and RV, respectively) nor the protein contents of GRK2, GRK3, and GRK5 (as determined by Western blots) were altered in the LV and RV homogenate from untreated or drug-treated AVS animals (data not shown). On the other hand, Fig. 2 shows a significant reduction of GRK activity in the membranous fraction and a significant increase in the cytosolic fraction isolated from both the LV and RV 16 wk after the AVS. The redistribution of GRK activity was partially attenuated by treatment with imidapril or losartan. To examine whether changes in GRK activity in the failing heart were associated with alterations of GRK isoforms in the membranous and cytosolic fractions, protein contents for different GRK isoforms were determined. A decrease in GRK2, GRK3, and GRK5 protein expression in the membranous fraction and an increase in the cytosolic fraction were observed in the failing LV and RV (Figs. 3 and  4) . These changes in protein contents for GRK isoforms in both membranous and cytosolic fractions were partially prevented when treating AVS animals with imidapril or losartan. Because ) were given daily by gavage. Isoproterenol was given as a bolus dose (10 g/kg) through femoral vein. *P Ͻ 0.05 compared with respective value in Sh group; †P Ͻ 0.05 compared with respective value in the AVS group. ) were given daily by gavage. Isoproterenol (1 M) was infused to the heart after basal values were recorded. *P Ͻ 0.05 compared with respective value in Sh group; †P Ͻ 0.05 compared with respective value in the AVS group. myocardial GRK2 expression is closely related with the ␤-AR function (15) , mRNA levels of GRK2 were detected. No difference of GRK2 mRNA levels in untreated or drug-treated groups was observed in the present study (data not shown).
␤-Arrestin and G ␤␥ -protein contents. In view of the important role of ␤-arrestins in regulating ␤-AR signal transduction (36), we determined ␤-arrestin-1 protein content in the heart. Fig. 5 reveals that ␤-arrestin-1 protein content in both the LV and RV was decreased in the membranous fraction and increased in the cytosolic fraction similar to that observed for GRK2 content; however, the extent of changes in ␤-arrestin-1 was not as dramatic as that seen for GRK2 (Fig. 3) . These alterations in ␤-arrestin-1 contents in AVS animals were attenuated by imidapril or losartan treatments. Because G ␤␥ -protein subunits help in translocation of the GRK2 and GRK3 to the membrane and facilitate the phosphorylation of receptors, we measured the cardiac G ␤2 and G ␥7 proteins. Results reveal no change in either of the G ␤2 -and G ␥7 -protein contents in the LV and RV after 16 wk of inducing the AVS (Fig. 6) . Treatments of animals with imidapril or losartan also did not affect the G ␤␥ -protein contents. Data are means Ϯ SE; n ϭ 4 animals for each group. Different concentrations of isoproterenol were infused for 1 min, and the heart was allowed to recover toward the basal level before studying the effect of another infusion; there was a 9-min period between the two infusions. AVSϩImp (1 mg⅐kg Ϫ1 ⅐day Ϫ1 ) and AVSϩLos (20 mg⅐kg Ϫ1 ⅐day Ϫ1 ) were given daily by gavage. The basal LVDP values for Sh, AVS, AVSϩImp, and AVSϩLos were in the same range as shown in Table 3 for each group. *P Ͻ 0.05 compared with Sh group; †P Ͻ 0.05 compared with the AVS group. ) were given daily by gavage. *P Ͻ 0.05 compared with Sh group; †P Ͻ 0.05 compared with the AVS group. 
DISCUSSION
Upregulation of ␤-AR signal transduction in heart failure due to volume overload. We have shown that the stimulation of ventricle function of the failing heart by isoproterenol was augmented in vivo. Increased inotropic responses of the failing hearts due to volume overload were also evident at different concentrations of isoproterenol in isolated perfused heart preparations under controlled conditions. This contrasts with most other types of heart failure in which depressed positive inotropic response to ␤-AR stimulation is usually evident (3, 12, 37) . Such a difference in inotropic responses to catecholamines between the high and low cardiac output states may be due to differences in the etiological basis of heart failure. It can be argued that the augmented positive inotropic response to isoproterenol in heart failure because of volume overload may be due to depressed contractile function. However, this may not be the case because depressed contractile function in failing hearts due to myocardial infarction was not associated with augmented inotropic effect of isoproterenol (29) . On the other hand, it is likely that the increased positive inotropic effect of isoproterenol in the AVS model of heart failure may be due to increased AC activity (39) as well as an increased density of ␤-ARs in the failing hearts. In this regard, we have detected an increase in ␤ 1 -AR density, without any change in ␤ 2 -AR density, in the failing hearts due to volume overload. The results from Western blot analysis also confirmed an increase in ␤ 1 -AR protein content, unlike ␤ 2 -AR protein content, in the failing heart 16 wk after the AVS. Such a unique change in ␤ 1 -AR mechanisms in the volume-overloaded failing heart may be related to the lack of myocardial fibrosis in this model of heart failure (27) compared with other types of congestive heart failure, such as cardiomyopathy, ventricular pacing, myocardial infarction, and pressure overload (37) .
Previous studies from different laboratories have reported a wide variety of alterations in ␤-AR-mediated signal transduc- tion in failing hearts due to volume overload. Communal et al. (10) demonstrated an increased ␤-AR density in epicardium and decreased density in endocardium but no alteration in receptor density or ␤ 1 -to-␤ 2 ratio in the total LV myocardium 4 wk after the induction of AVS in rats. Cartagena et al. (6) found a significant increase of total ␤-AR density in the heart from 7 to 21 days, followed by a decrease on day 56 without any change in the ␤-AR affinity in hypertrophied hearts due to volume overload. Earlier studies (38) from our laboratory have revealed that the positive inotropic effect of isoproterenol was increased at 4, 8, and 16 wk volume overload was induced in rats. Such observations as well as the results in the present study indicate upregulation of ␤-AR mechanisms at a time (16 wk after AVS induction) when the clinical signs of heart failure were evident.
Because previous studies (23) have revealed that chronic stimulation by ␤-agonist leads to downregulation, whereas chronic inhibition of ␤-adrenergic signaling results in upregulation of ␤-ARs (19, 26) , it is possible that the upregulation of ␤ 1 -ARs observed in the AVS model is associated with a decrease in the catecholamine level. However, Willenbrock et al. (40) have shown a significant increase in plasma norepinephrine levels without any alteration in ventricular norepinephrine concentration in rats 4 wk after the AVS. Although in the present study we did not measure the norepinephrine concentration, it is expected that upregulation of ␤ 1 -AR, without a change in ␤ 2 -AR, may be due to a decrease in the neuronally released norepinephrine, which has a selective affinity to ␤ 1 -AR. It should be mentioned that a depletion of norepinephrine stores by reserpine or denervation is known to produce supersensitivity to ␤-AR stimulation (33), but other investigators (7) have observed reduced norepinephrine responses of the failing hearts in which catecholamine stores were depleted. Thus a clear relationship between the status of cardiac norepinephrine stores and sympathetic stimulation remains to be elucidated. Therefore, extensive studies regarding the release, uptake, and turnover of norepinephrine in the volume-overloaded model will be undertaken to understand the relationship of sympathetic activation and the observed changes in ␤-AR-mediated signal transduction.
Regulation of ␤-AR activity by GRK. Because the status of ␤-adrenergic activity is determined by the GRK activity in the myocardium (15) , the data presented in this study reveal a redistribution of GRK activity between the membranous fraction and the cytosolic fraction in the volume-overloaded heart. This redistribution was related to the changes of GRK isoforms because the protein contents for GRK2, GRK3, and GRK5 showed similar pattern of changes as the GRK activity in AVS-induced heart failure. The altered distribution of GRKs in the membranous and cytosolic fractions in the failing heart does not appear to be due to changes in G ␤␥ -subunit protein content because no changes in G ␤ -or G ␥ -protein subunits were seen. Furthermore, significant changes in both G s and G i proteins were observed in hearts failing due to volume overload (39) . However, we detected a decrease of ␤-arrestin-1 protein content in the membranous fraction and an increase in the cytosolic fraction suggesting its synergistical action in regulating ␤-adrenergic signaling with GRKs. Ungerer et al. (35) found no alterations in mRNA and protein expression of ␤-arrestin-1 in the end-stage human heart failure. The discrepancy between their results and ours may be mainly due to the differences in the type and stage of heart failure. GRK2 and ␤-arrestin-1 have been shown to be associated with the regulation of endothelial function, whereas GRK3 and GRK5 are linked with cardiomyocyte function (36) , and thus some caution should be exercised while interpreting these results. Whereas some investigators have shown upregulation of GRK2 without any changes in GRK5 in hypertensive rats, others (42) have reported redistribution of GRK2 to intercalated disc area and GRK5 to nucleus in the same experimental model. Accordingly, the results described in the present study as well as from other laboratories appear to support the concept that alterations in GRK activity and GRK isoforms may be dependent on the type and stage of heart failure, and the redistribution of GRK isoforms in the diseased heart may be associated with the regulation of ␤-AR activity.
Blockade of RAS and modification of changes in ␤-ARlinked mechanisms. Our observations regarding attenuation of the progression of AVS-induced cardiac hypertrophy and heart failure upon treatment of animals with an ACE inhibitor (imidapril) and an AT 1 R antagonist (losartan) are consistent with the role of RAS activation in heart hypertrophy and dysfunction due to volume overload (27, 41, 42) . Although we did not measure the levels of plasma angiotensin II in this study, other investigators (32) have shown a significant increase in the levels of this hormone in AVS animals. Nonetheless, this study has also shown that blockade of the RAS by imidapril and losartan partially prevented the augmented inotropic responses of the volume-overloaded failing hearts to isoproterenol, as well as upregulation of ␤ 1 -ARs and redistribution of GRK activity and isoform contents. In view of the similarities between the effects of ACE inhibitors and AT 1 R antagonists on changes in ␤-AR mechanisms in heart failure due to volume overload, our results indicate that the beneficial effects of these drug treatments may be due to blockade of the RAS. Because the stimulation of the RAS has been reported to affect the sympathetic activity in different experimental models (4, 22, 29) , it is possible that the blockade of the RAS by ACE inhibitors and AT 1 R blockers may depress the sympathetic system and produce the effects observed in this study. In addition, ACE inhibitors and AT 1 R antagonists are known to decrease the oxidative stress in human vascular endothelial cells (43) , which is associated with the development of heart failure (11). Imidapril has also been shown to inhibit the production of angiotensin II and decrease the protein content as well as gene expression of inducible nitric oxide synthase, which is associated with the improvement of endothelial function in rats undergoing hypertensive heart failure (20) . Because treatments of AVS animals with both imidapril and losartan did not attenuate the increased AC activities or protein content (39) , it appears that attenuation of ␤ 1 -AR density and protein content may be related to some specific effects of these drugs on cardiac remodeling. Thus further investigations are needed to sort out the exact mechanisms of ␤-AR upregulation in heart failure due to volume overload.
